We previously demonstrated that rat offspring exposed perinatally to methoxychlor (MXC) still exhibited immunotoxic changes in young adulthood at 10 weeks of age. That result led us to further investigate whether the influence of perinatal exposure to MXC on the rat immune system persistently remains in adult life. Sprague-Dawley rat offspring of both sexes from dams receiving MXC at dietary dose levels of 0, 30, 100, 300, and 1000 ppm were used for the present study. The pups exposed to MXC through the placenta, milk, and/or direct intake during the gestation and lactation periods were maintained on a normal diet from weaning up to 52 weeks of age. At the termination, a significant increase in plasma chloride was noted in both sexes at 300 and 1000 ppm MXC exposure. Females at 1000 ppm MXC exposure showed increases in serum IgM and urinary protein and had significantly increased relative weights (ratio to body weight) of the spleen and kidneys. An increased relative kidney weight was also noted in females at 300 ppm MXC exposure. Histopathologically, the incidence and severity of chronic nephropathy tended to be higher in females at 1000 ppm MXC exposure, and their kidneys had enlarged glomeruli with increased IgG and IgM deposits. In the immune system, however, there were neither notable histological changes nor significant alterations in the splenic lymphocyte subsets for any dose group of either sex. These results indicate that the immunotoxic damage caused by pre-and post-natal MXC exposure appears to be repaired during the process of growth, although the effect seems to remain in females even at 52 weeks after birth and consequently may accelerate the progression of chronic nephropathy. (J Toxicol Pathol 2005; 18: 89-98) 
Introduction
Recently, there has been an increased demand for risk assessment of environmental contaminants such as pesticide residues in infants and children, particularly when exposure occurs during the gestational or neonatal periods of life 1, 2 . However, the information on chemical toxicity in developing organ systems is still lacking. Since the susceptibility of infants and children to toxic substances may differ from that of adults, it is very important to clarify the differences in toxic responses of various organs and the endocrine, nervous, and immune systems, and to identify the effects that develop after a long latent period. Recent experimental studies in laboratory animals indicate that exposure to immunotoxic chemicals in the developmental stage may result in more severe effects on the immune system than exposure during adult life, and its influence may persist into adulthood 3, 4 . For example, gestational exposure to an organochlorine insecticide chlordane has been shown in mice to induce selective and persistent immune alterations and a significant depression of cell-mediated immunity was still observed 101 days after birth 5 .
Methoxychlor (MXC) is also an organochlorine insecticide. It is a p,p'-methoxy derivative of DDT and it has r e l a t i v e l y l o w t o x i c i t y t o m a m m a l s a n d l o w e r bioaccumulation and degradability than DDT in the environment 6, 7 . MXC has been shown to have an endocrine disrupting effect which mimics estrogenic activity [8] [9] [10] [11] [12] [13] [14] and has also been suggested to affect the immune system in rats exposed in utero and during the post-natal period 15 . Our recent study demonstrated that pre-and post-natal exposure to a high dose of MXC through the placenta, milk, and/or direct dietary intake induced apoptotic cell death in the thymus of rat pups 16 . In addition, we have found that the rat offspring still exhibited immunotoxic changes in the thymus and spleen in young adulthood at 10 weeks of age 17 . These findings have led us to further investigate whether the influence of MXC exposure through the placenta, milk, and/ or direct dietary intake on the immune system still remains at 52 weeks after birth.
In the present study, we performed biochemical, immunological and histopathological examinations on Sprague-Dawley (SD) rats that had been exposed to MXC during the pre-and post-natal periods and subsequently maintained on a normal diet from weaning to 52 weeks of age to determine the effects on the immune system and renal function. As a result, we found that the incidence and severity of chronic nephropathy in high-dosed females tended to be higher than those in the controls. Since chronic nephropathy might be caused by immune complexes which are formed locally in the glomeruli, the kidneys from females were subjected to glomerular morphometry and immunofluorescence analysis. In addition, serum samples from females were also subjected to analysis of serum antibodies. This paper describes the results of these examinations, and the influence of pre-and post-natal exposure to MXC on the immune system and its association with the onset and progression of chronic nephropathy are discussed.
Materials and Methods

Chemicals
Methoxychlor (lot No.: 87H1099, more than 95% purity) was obtained from SIGMA Chemical Co. (St. Louis, MO, U.S.A.).
Animals and housing conditions
Male and female Sprague-Dawley (Jcl:SD) rats of SPF origin were purchased from CLEA Japan Inc. (Tokyo, Japan) at 10 and 7 weeks of age, respectively. The rats were housed in an animal room controlled a temperature of 22 ± 2°C with a relative humidity of 55 ± 5%, a ventilation of 12 times per hour (all-fresh-air system), and a 12-hr light/dark cycle. They were fed a certified laboratory chow, MF Mash (Crude protein: 22-25%, Oriental Yeast, Tokyo, Japan) and water ad libitum. All animals were handled during the study i n a c c o r d a n c e w i t h t h e G u i d e l i n e s f o r A n i m a l Experimentation by the Japanese Association for Laboratory Animal Science 18 .
Treatment protocol
After a one-week acclimatization period, all rats were divided into 5 groups: one control and four dose groups. Each group consisted of 7 males and 8 females which were designated as P generation parental animals and MXC was given at a dietary level of 0, 30, 100, 300 or 1000 ppm. Dietary administration of MXC to the parental rats was started from 3 weeks prior to mating for both sexes and was continued for females (dams) throughout the period of gestation and lactation. During the period, the dams in the 30, 100, 300, and 1000 ppm group ingested MXC through the diet approximately at 2.4, 8, 24, and 80 mg/kg/day, respectively, levels which are 24 to 800 times higher than the acceptable daily intake (0.1 mg/kg) for humans. After the 3week pre-mating period, female rats showing proestrous vaginal smears were placed into cages and paired with males in the same dose group overnight for mating on a 1:1 basis. The day on which vaginal plugs or sperm was found was designated as day 0 of gestation. Each pregnant female was housed individually in a clear aluminum breeding box cage with heat-treated wood chips as bedding. The day when parturition was completed was designated as day 0 of lactation. On day 4 of lactation, the size of each litter was standardized to a maximum of 8 pups (4 males and 4 females in principle). For this standardization of the litter size, F1 pups of both sexes were randomly selected and 8 males and 8 females were allocated to each group. These pups were exposed to MXC through the dams during the period of gestation (via the placenta) and lactation (via milk). In addition, the pups directly ingested the test diet containing MXC from approximately 10 days after birth until weaning.
After weaning, all offspring were fed a normal diet and were kept up to 52 weeks of age. The offspring were carefully observed for clinical signs during the study period. At 52 weeks of age, all animals were subjected to urine and blood biochemistry, necropsy, measurement of organ weights, flow cytometry for splenic lymphocyte subsets, and histopathology. In addition, females were subjected to analysis of serum antibodies, glomerular morphometric and immunofluorescence analyses of the kidney.
Urine biochemistry
At 52 weeks of age, all animals (8 males and 8 females for each group) were housed in metabolic cages to allow collection of urine for 2 hrs. The urine samples were examined for albumin concentration with the bromcresol green (BCG) method 19 .
Blood biochemistry
After urine sampling, all animals were laparotomized under ether anesthesia and blood samples were withdrawn from the posterior vena cava. Plasma samples were examined for the following parameters: creatinine (Creat), blood urea nitrogen (BUN), albumin/globulin ratio (A/G ratio), sodium (Na), potassium (K) and chloride (Cl), using an automated blood biochemical analyzer, JCA-BM1250 (JEOL Ltd., Tokyo, Japan).
Analysis of serum antibodies in females
Serum samples from females for each group were subjected to analysis of rat IgG and IgM levels by capture ELISA. Briefly 96-well ELISA plates were coated with either rabbit anti-rat IgG or IgM (Bethyl Laboratories, Inc., Montgomery, AL). After washing and saturation of the plates, the sera were incubated at a 1:50,000 (IgG) or 1:5,000 (IgM) dilutions for 2 hrs at 37°C. Bound rat IgG or IgM was detected using a rabbit anti-rat IgG or IgM-HRP conjugate and color development with the TMB substrate in the dark. The reaction was terminated with 2N H 2 SO 4 and optical density (OD) was read at 450 nm on a micro-plate reader, NJ-2300 (Nalge Nunc International K.K., Tokyo, Japan).
Necropsy
At 52 weeks of age, all animals (8 males and 8 females from each group) were weighed before necropsy. After blood sampling, they were euthanized by exsanguination and subjected to necropsy and organ weight measurement. The spleen and kidneys were carefully removed from each animal and weighed. Approximately one-half of the spleen was used for flow cytometric analysis of lymphocyte subsets. Approximately one-half of the kidney was snapfrozen in dry ice-ether and was stored at -80°C until used for immunofluorescence microscopy. The remaining parts of the spleen and kidney tissues were fixed in 10% neutralbuffered formalin for histopathology.
Preparation of cell suspension
Single cell suspensions of splenic lymphocytes from all animals of both sexes were prepared by the same method as described in our previous report 17 . The splenic cell samples were subjected to enumeration for cellularity with a Coulter Counter Z2 (Becman Coulter Co., Tokyo, Japan), and were also used for flow cytometric analysis described in the next section.
Cell staining and flow cytometric analysis
Splenic cell suspensions from all animals of both sexes were processed and stained for flow cytometry as previously described 17 . The following monoclonal antibodies (mAb) were used at predetermined saturation levels: fluorescein isothiocyanate (FITC)-conjugated mouse anti-rat CD3 (clone G4.18); R-phycoerythin (R-PE)-conjugated mouse anti-rat CD8a (clone OX-8); cy-chrome (Cyc)-conjugated mouse anti-rat CD4 (clone OX-35); Cyc-conjugated mouse anti-rat CD45RA (clone OX-33); and R-PE-conjugated mouse anti-rat NKR-P1A (clone 10/78) (PharMingen, San Diego, CA). Freshly isolated splenic cells were pelleted by centrifugation and washed in PBS containing 5% FCS (wash buffer). To avoid non-specific binding, 1,000,000 cells were incubated with 10% normal goat serum (Sigma) for 10 min at 4°C, followed by incubation with FITC-, R-PE-and Cycconjugated mAb for 30 min at 4°C in the dark. The cells were washed twice with wash buffer and resuspended at 1×10 6 cells per tube in 0.5 ml PBS, and analyzed on a FACSCaliber flow cytometer (Becton Dickinson, Mountain View, CA) using the Cell Quest program (Becton Dickinson). Single and dual staining of fresh splenic cells from rats in the control group were used in assorted combinations to establish compensation. For each sample, 10,000 events were collected and analyzed.
Histopathology
Tissues of the spleen and kidney from all animals of both sexes were processed, embedded in paraffin by a routine method, sectioned at a thickness of 4 µm, stained with hematoxylin and eosin (H&E), and examined by microscopy. Additional sections of the kidney were stained with the periodic acid Schiff (PAS) reaction and periodicmethenamine silver (PAM) for characterization of glomerular changes in the kidney.
The severity of chronic nephropathy was evaluated on H&E-stained sections and graded semi-quantitatively on a scale from 0 to 3 as follows: (0) no apparent damage; (1) mild damage, with lesions involving less than 30% of cortex;
(2) moderate damage, involving 30 to 50% of the cortex; and (3) severe damage, that is, involving more than 50% of the cortex, in accordance with the criteria previously described 20 .
In addition, kidney tissues from all females were s u b j e c t e d t o g l o m e r u l a r m o r p h o m e t r y a n d immunofluorescence analysis described below, because the severity of nephropathy noted in high-dosed females was greater than that in the controls.
Glomerular morphometry in females
On PAS-stained thin sections of the kidney from all females, the size of each glomerulus was measured with an image analyzer LUZEX AP (Nireco, Tokyo, Japan), as previously described 21 
Glomerular immunofluorescence analysis in females
The kidney tissues from all females were subjected to direct immunofluorescence staining. The tissues were sectioned at a thickness of 3 µm with a cryostat (Sakura, Tokyo, Japan) and stained with fluorescein isothiocyanate (FITC)-conjugated goat polyclonal antibodies to rat IgG (1:600, Vector Laboratories Inc., Burlingame, CA), FITCanti rat IgM (1:400, Bethyl Laboratories Inc., Montgomery, AL), FITC-anti rat IgA (1:400, Bethyl Laboratories Inc.), or FITC-anti rat C3 (1:1200, ICN Pharmaceuticals Inc., Costa Mesa, CA). The intensity of antibody staining was semiquantitatively assessed as: negative (0), mild (1), moderate (2), and strong (3), as previously described 22 .
Statistical analysis
The values of all parameters were subjected to statistical analyses. The incidence data on histopathology were analyzed by Fisher's exact probability test (one-tail analysis) and other parameters by Dunnett's multiple comparison test 23 . The significance of differences between treated and control groups was estimated at levels of p<0.05 and p<0.01.
Results
Clinical signs, body weight and organ weights
No clinical signs related to MXC exposure were observed in any dose group of either sex during the study. In males, there were no treatment-related effects on body weight, absolute or relative (ratio to body weight) weights of the spleen and kidneys in any dose group (Table 1) . In females, a statistically significant decrease in body weight was noted in the 1000 ppm exposure group. In addition, females in the 300 and 1000 ppm exposure groups showed a significant and dose-dependent increase in the relative weight of kidneys. A significant increase in the relative weight of the spleen was also noted in females in the 1000 ppm exposure group (Table 1) .
Urine and blood biochemistry
Urinalysis revealed an increase (3-fold higher than controls) in the albumin level of female rats in the 1000 ppm exposure group (Table 2) , although the change was not of statistical significance. In males, there were no treatmentrelated changes in any exposure group (Table 2) .
Blood biochemical examination disclosed a significant increase in chloride in the 300 and 1000 ppm exposure groups of both sexes ( Table 2 ). In other parameters, there were no treatment-related changes in any exposure group of either sex.
Analysis of serum antibodies in females
Analysis of serum antibodies by ELISA revealed a significant increase in the IgM level of females in the 1000 ppm exposure group (Fig. 1 ), but the serum IgG level was comparable to the controls. In other exposure groups, IgM and IgG levels were comparable to the controls.
Cellularity, lymphocyte subsets and histopathology of the spleen
Flow cytometric analysis revealed that there were neither significant changes in splenic cellularity nor exposure-related effects on the splenic lymphocyte subsets in any exposure group of either sex (Table 3) .
Histopathologically, no notable changes were found in the spleen from any exposure group of either sex (data not shown).
Histopathology of the kidney
The majority of males and a few or several females from each group were found to be affected by chronic nephropathy which was characterized by degeneration and atrophy of the tubular epithelium, dilatation of tubules with formation of hyaline and granular cast, regeneration of tubular epithelium, glomerulosclerosis, and interstitial inflammation and fibrosis. There were no significant differences in morphological features of the kidney lesions between the control and exposure groups. In females, however, the incidence and severity of chronic nephropathy in the 1000 ppm exposure group tended to be higher than those in the controls (Table 4 ). In males, there were no significant differences in the incidence or severity of the lesions between the control and exposure groups ( Table 4 ). Morphometric analysis of the kidneys from females revealed significantly enlarged glomeruli in the 1000 ppm exposure group (Figs. 2 and 3A ). In addition, some of the glomeruli had a mild focal and segmental expansion of the mesangium matrix with a moth-eaten appearance (Fig. 3B ).
Immunofluorescence analysis of the kidney in females
Semiquantitative analysis of the immunofluorescence intensity of the kidney samples from females revealed increasing trends in glomerular IgG and IgM deposits in the 1000 ppm exposure group ( Table 5 ). The glomerular IgG and IgM deposits showed a granular pattern along the thickened basement membrane, and in the mesangial region ( Figs. 4A-4D ). There was no significant difference in glomerular deposition of IgA (Figs. 4E and 4F) between the control and 1000 ppm exposure groups. C3 deposition in glomeruli was very weak and found only in a few animals (data not shown).
Discussion
Our previous study demonstrated that rat offspring exposed to MXC through the placenta, milk, and/or direct intake still had immunotoxic alterations at 10 weeks of age 17 . In the present study, however, no notable changes were observed in the immune system of either sex although the relative spleen weight was increased in females. However, a significant and dose-dependent increase in the relative kidney weight was noted in females in the 300 and 1000 ppm MXC exposure groups, and the female rats at high exposures to MXC showed an increase in urinary albumin. It is generally accepted that albuminuria is one of the most critical clinical indices for glomerular damage in both human disease and animal models 24, 25 . In rats, it has been suggested that the occurrence of chronic nephropathy may result from mesangial overload and dysfunction due to a persistent increase in glomerular permeability and proteinuria.
Histopathologically, the incidence and severity of chronic nephropathy of females in the 1000 ppm MXC exposure group tended to be higher than those in the controls, and their kidneys had significantly enlarged glomeruli, resembling membranous nephropathy which is a common form of glomerulonephritis in humans. In addition, females in the 1000 ppm MXC exposure group showed increases in serum IgM level and glomerular IgG and IgM deposits in the enlarged glomeruli. The granular pattern of these deposits in the mesangial region and glomerular capillary wall seen in this study is quite similar to that of immune complex glomerulonephritis [26] [27] [28] . The deposition and/or formation of immune complexes 29 in the gromeruli is a pathogenic factor that triggers the inflammatory cascade leading to tissue damage 26, 28 . Chronic nephropathy is a common disease that increases with age in Sprague-Dawley rats and the earliest indications of altered morphology, characterized by thickening of the mesangium and the glomerular basement membranes, occur at 3 months of age 30 . The severity of the lesion increases with age, and accompanies increases in glomerular basement membrane thickness and mesangial matrix 31 . It is known that the disease is often accompanied by mesangial deposition of IgM containing macromolecular material with the characteristics of non-complement-fixing immune complexes 32 . Therefore, these changes in the females at high exposures to MXC were considered to indicate renal dysfunction and to be associated with the increased severity of glomerular change caused by maternal and/or direct dietary exposure to MXC. Among albino rats, the incidence and severity of chronic nephropathy are sex-and strain-dependent. In general, male rats are more susceptible than females and SD rats are more affected than other strains 25 , often making it difficult to distinguish age-related from drug-related effects in long-term toxicity studies. In the present study, the majority of male rats were affected by chronic nephropathy and there were no significant differences in the incidence or severity of the lesions between the treated and control groups. Therefore, it was difficult to determine whether the onset of the kidney lesion in males was influenced by exposure to MXC.
Our previous studies indicated that perinatal exposure to MXC might impair maturation of thymic lymphocytes in rat offspring 16, 33 . Several reports 34, 35 have also suggested that immunologically affected kidneys often have defective humoral and cellular immunity due to T cell immaturity. It is conceivable that the kidney lesions found in the present study might be associated with functional disorder of lymphocytes resulting from a failure of selection of T cells in the thymus during the neonatal period. In other words, abnormal T cells to be removed might be retained and accelerate antibody production resulting in an increased formation of immune complexes (glomerular deposits) leading to early onset of chronic nephropathy. In the present study, however, neither T cell responses nor serum autoantibody were analyzed. Hence, it was difficult to determine which of the factors (auto-antibody, T cells, or both) was most involved in the development process of the glomerular injury.
In conclusion, the present study has indicated that the influence of pre-and post-natal exposure to MXC appears to remain in females even at a mature age 52 weeks after birth, although no notable alterations were found in the immune system. It is likely that the increased glomerular deposition of IgG and IgM in females might be due to impaired maturation of thymic lymphocytes in rat pups and an imbalance in population among lymphocyte subsets persistently remaining after exposure to MXC. These results indicate that female rats appear to be more susceptible to the toxic effects of MXC than males. Further studies are required to clarify the close inter-relationship between the local kidney immune response and the systemic lymphoid response.
